Streptococcus suis serotype 2 (S. suis 2) is an important zoonotic pathogen. It causes heavy economic losses in the pig-farming industry and can be associated with severe infections in humans, e.g. streptococcal toxic shock syndrome. Understanding its pathogenesis is critical for prevention and control of diseases caused by S. suis 2. In this study, we show that deletion of a two-component system (TCS), 05SSU1660/1661 (orthologues of the Ihk/Irr TCS of Streptococcus pyogenes), in S. suis 2 strain 05ZYH33 results in notable attenuation of virulence, as exemplified by reduced adherence to mucosal epithelium cells, increased elimination by macrophages, reduced ability to survive in an acidic or oxidative-stressed environment, and lowered pathogenicity in mice. Further analysis of differential proteomics profiles by twodimensional electrophoresis revealed that while many previously well-known virulence factors, such as suilysin, autolysin and muraminidase-released protein, were not expressed differentially, cell metabolism was downregulated in the Ihk/Irr deletion mutant. In addition, the oxidative-stress response gene for manganese-dependent superoxide dismutase (MnSOD) was also repressed significantly in the mutant. Collectively, our data suggest that the Ihk/Irr TCS contributes to the virulence of S. suis 2 strain 05ZYH33, mainly through alteration of the bacterial cell metabolism.
INTRODUCTION
Streptococcus suis serotype 2 (S. suis 2) is an important pathogen in swine and is also a zoonotic agent. It causes many severe diseases, including arthritis, meningitis and septicaemia, in both swine and humans (Feng et al., 2010; Hill et al., 2005; Ma et al., 2009) . Over the past 40 years, .700 cases of human infection have been reported from 20 countries worldwide, notably the two large-scale severe outbreaks in 1998 and 2005 in China, during which many cases exhibited streptococcal toxic shock syndrome (STSS) (Feng et al., 2010; Gottschalk et al., 2007; Ma et al., 2009; Tang et al., 2006) . There was also one case report of STSS in Australia (Tramontana et al., 2008) . S. suis 2 is the most pathogenic serotype among the 35 currently identified serotypes (Hill et al., 2005) . However, until now, the molecular pathogenesis of S. suis 2 has remained poorly understood.
The physiopathology of pathogen infection implies that microbes encounter different microenvironments during infection of their hosts and respond to stimulants by changing the production of proteins necessary for this process (Beier & Gross, 2006; Navarre et al., 2005; Quon et al., 1996; Scarlato et al., 1991) , but the detailed mechanisms used by the pathogens to regulate the expression of those factors are yet largely unclear. One mechanism used by bacteria for adaptation to changing environments is through two-component systems (TCSs), a family of proteins that are widely distributed among many bacterial genera (Khorchid & Ikura, 2006) . The typical bacterial TCS consists of a histidine kinase (HK) and a response regulator (RR) (Hancock & Perego, 2002) . Signalling through a single TCS results in a coordinated change in expression of multiple genes, whose products play a role in adaptation to a particular environment (Hancock & Perego, 2002) . The cellular processes regulated by TCSs are diverse, ranging from pathogenesis and cell development to metabolism and chemotaxis (Beier & Gross, 2006) .
The TCSs in S. suis 2 have been predicted through bioinformatics analysis and experimental studies, but among the 15 predicted TCSs in S. suis 2 (Chen et al., 2007) , only SalK/SalR, CiaRH and two orphan RRs have been characterized and shown to either upregulate or downregulate virulence in S. suis strain 05ZYH33 (Li et al., 2008 (Li et al., , 2011 Pan et al., 2009; Wu et al., 2009) . By screening the genome sequence of strain 05ZYH33, we found that a Streptococcus pyogenes Ihk/Irr TCS orthologue (05SSU1660/ 1661) is present in the S. suis 2 genome. In S. pyogenes, Ihk has been identified as the HK and Irr as the RR (Federle et al., 1999) . The Ihk/Irr TCS was shown to have an essential role in the evasion of polymorphonuclear leukocytemediated phagocytosis by group A streptococcus (GAS) (Voyich et al., 2003) , but the function of Ihk/Irr in S. suis has not been documented. A more in-depth study of the pathogen-host interaction on both the cellular and molecular levels is essential to better understand, treat and control the human diseases caused by these pathogenic bacteria. Thus, this study sought to investigate the role and mechanisms of the Ihk/Irr TCS in the pathogenesis of S. suis 05ZYH33. We found that an Ihk/Irr-knockout mutant exhibited growth defects in chemically defined medium (CDM) and showed notable attenuation of virulence, showing reduced adherence to mucosal epithelium cells, increased elimination by macrophages, reduced ability to survive in an acidic or oxidative-stressed environment, and lowered pathogenicity in mice. Further analysis of differential proteomics profiles showed that while most of the well-known virulence factors were not expressed differentially, cell metabolism was downregulated in the Ihk/Irr-deletion mutant. In addition, the oxidative-stress response gene for manganese-dependent superoxide dismutase (MnSOD) was also repressed significantly in the mutant. Data from this study indicate a role for the Ihk/Irr TCS in the virulence of S. suis 2 strain 05ZYH33 through alteration of the bacterial cell metabolism and initiation of the pathogen survival responses.
METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . S. suis stains were cultured in Todd-Hewitt broth (THB) supplemented with 0.5 % (w/v) yeast exact (THY) if not otherwise specified. The CDM used for growth-curve measurement was described previously (Willett & Morse, 1966) . Experiments were performed in triplicate.
E. coli strains DH5a and BL21, which were used for cloning and protein expression, were grown in Luria-Bertani (LB) medium or on LB agar plates, respectively. When necessary, antibiotics were added at the following concentrations: 100 mg ampicillin ml 21 (E. coli), 25 mg kanamycin ml 21 (E. coli), 250 mg erythromycin ml 21 (E. coli) or 1 mg erythromycin ml 21 (S. suis 2). If not otherwise specified, chemicals were purchased from Sigma.
Primers, DNA isolation and overlap PCR. The ihk and irr genes were defined as a TCS based on in silico analysis of the genome sequence. irr is upstream of ihk. Primers used in this study are listed in Table 2 . Bacterial genomic DNA was prepared as described previously (Cieslewicz et al., 2001) , and plasmid DNA was isolated using a Qiagen Plasmid Midi kit according to the manufacturer's instructions. Restriction endonuclease digestions, ligation reactions, PCR and gel electrophoresis were performed using standard protocols.
Overlap PCR used to construct gene-deletion vectors was performed as described previously (Ho et al., 1989; Horton, 1993) . In brief, 1016 bp of the upstream flanking sequence and 982 bp of the downstream flanking sequence were amplified with the primer pairs Irr-up-F/Irr-up-R and Ihk-dn-F/Ihk-dn-R, respectively. The two amplified fragments were then mixed and used as a template to amplify a 1998 bp product using the primers Irr-up-F and Ihk-dn-R. The resultant 1998 bp product was then digested with KpnI and inserted into the plasmid pJRS233 (Cieslewicz et al., 2001) .
Creation of S. suis 2 mutant and complemented strains. Geneknockout mutants of DiKR were created as described previously with some modifications (Cieslewicz et al., 2001) . Briefly, the adjacent flanking sequences of the deleted gene were inserted into the temperature-sensitive pJRS233 shuttle vector and introduced into S. suis 05ZYH33 by electroporation (Smith et al., 1995) . After two steps of allelic exchange at 37 uC (in medium with erythromycin) followed by culturing at 30 uC (in medium lacking erythromycin), antibioticsensitive clones were selected to identify the mutants by PCR using primers for the corresponding flanking sequences and target genes, as listed in Table 2 .
To create the corresponding complemented strains (CDiKR), the promoter sequence of irr and ihk was recombined in the pVA838 E. coli-S. suis shuttle vector with both the irr and ihk gene sequences and then transformed into the DiKR strain using methods described previously (Macrina et al., 1983) .
Isolation system (Promega) according to the manufacturer's instructions. cDNA was generated from total RNA (2 mg per sample) using the Access RT-PCR system (Promega) with a random primer provided in the kit. The synthesized cDNAs were stored at 280 uC until use.
Western blot analysis. Proteins of the Ihk/Irr TCS and eight virulence factors were selected to generate the respective antibodies, including Irr (RR), Ihk (HK), suilysin (Sly), autolysin (Atl), muraminidase-released protein (MRP), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IgG-binding protein (IBP), fibronectinbinding proteins, ArcB (ornithine carbamoyltransferase, OCT) and glutamate dehydrogenase (GDH). The coding sequences were amplified by PCR using genomic DNA as template and specific primers (Table 2) , and were then inserted into pET30a for expression in E. coli BL21(DE3). Recombinant proteins were purified using Ni 2+ affinity chromatography. New Zealand rabbits (Institute of Genetics and Developmental Biology, Chinese Academy of Sciences) were immunized with approximately 500 mg of the purified recombinant proteins. Antibodies were partially purified by protein A affinity and were used directly as primary antibodies for Western blotting. The same amount of WT, mutant and complemented strain protein extracts were used in Western blot analysis.
Cell culture and adherence assay. The human laryngeal carcinoma HEp-2 epithelial cell line (ATCC CCL-23) was maintained at 37 uC in a 5 % CO 2 humidified atmosphere in RPMI 1640 medium supplemented with 10 % heat-inactivated FBS (Gibco). HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10 % heat-inactivated FBS (Gibco). Cell-adhesion assays were performed as described by Nizet et al. (1997) with slight modifications. Briefly, cells were seeded 24 h before infection in 24-well culture plates at a density of 2610 5 cells per well to form a monolayer. Bacterial cultures were grown to mid-exponential phase and resuspended in RPMI 1640 medium or DMEM to an OD 600 of 0.4 (about 10 8 c.f.u. ml 21 ) after washing three times with PBS. An m.o.i. of 100 was used in cell-adhesion assays, which were performed for 2 h at 37 uC under 5 % CO 2 . Six wells of each cell line (2610 5 cells per well) were incubated with each bacterial strain. After co-culturing for 2 h, the cells were washed with PBS five times to remove nonadherent or loosely combined bacteria. Then, the samples were either labelled with an antibody and analysed by double immunofluorescence (DIF) to determine the number of bacteria adhered tightly to cells, or the cells were lysed at the same time to analyse the number of bacteria at the cell surface and the number that entered the cells by calculating the c.f.u. All assays were performed in triplicate.
Detection of cell adherence by DIF. Cells grown on glass coverslips in 24-well plates were infected with WT or mutant S. suis strains (m.o.i. of approx. 100) for 2 h, and were then washed with PBS five times and fixed immediately with cold methanol. Then, the plates were blocked with goat serum for 30 min after cell permeabilization with 0.2 % Triton X-100 for 10 min. To label bacteria adhered to cells, rabbit anti-MRP antiserum and anti-rabbit IgG coupled to Alexa 488 (Invitrogen) were added to the infected cells for 60 min, then the cells were washed once with PBS. The cells were labelled via the same strategy using murine anti-Na + /K + ATPase a1 as the primary antibody and goat anti-mouse IgG serum coupled to Alexa 594 as the secondary antibody. The coverslips were then embedded in Mowiol (Merck), sealed with nail polish and stored at 4 uC until detection with a confocal laser scanning microscope.
Bacterial survival assay. The murine macrophage-like cell line RAW264.7 (ATCC TIB-71) was grown in DMEM (Gibco), containing 10 % FBS at 37 uC in the presence of 5 % CO 2 in a humidified incubator. Bacterial survival assays were performed as described previously with some modifications (Okwumabua & Chinnapapakkagari, 2005) . RAW264.7 cells (2610 5 cells per well) were seeded in 24-well culture plates to form a monolayer. WT, DiKR, and CDiKR strains were grown to mid-exponential phase and resuspended in DMEM at an OD 600 of 0.4. Bacteria were added to the RAW264.7 cells at an m.o.i. of 100. The plates were centrifuged at 800 g for 10 min to enhance and synchronize the infection. Bacterial phagocytosis was allowed to proceed for 30 min at 37 uC. The cells were washed for three times with PBS containing 100 mg gentamicin ml 21 and 5 mg penicillin G ml 21 to remove the extracellular bacteria. After co-culturing for 1 or 2 h, the cells were lysed to analyse the c.f.u. of remaining bacteria in the macrophage cells. All assays were performed in triplicate.
Experimental mouse infections. All animal experiments were approved by the IMCAS (Institute of Microbiology, Chinese Academy of Sciences) Ethics Committee. A total of 33 female CD-1 mice were purchased from Vital River Laboratory Animal Technology, whose colonies were all introduced from Charles River Laboratories. Experimental infections of mice were performed using 6-week-old female mice, and 11 mice were infected with each bacterial strain. S. suis 2 was cultured in THY, grown to mid-exponential phase and resuspended in endotoxin-free PBS to an OD 600 of 0.4. A suspension of bacteria (1 ml) was administered by intraperitoneal injection to CD-1 mice (Domínguez-Punaro et al., 2007; Mandanici et al., 2010) . Six mice were administered with an equal volume of sterile PBS as negative control. Survival and mortality rates were monitored for Underlined italic sequences represent recognition sites of restriction endonucleases.
Virulence contribution of S. suis Ihk/Irr TCS 14 days after challenge. Injections of approximately equal numbers of bacteria (5610 7 c.f.u.) of WT, DiKR mutant and CDiKR strains were also carried out in CD-1 mice. Survival rates were analysed within 14 days by three independent assays.
Preparation of whole-cell protein extracts for two-dimensional electrophoresis (2DE) analysis and protein identification. WT and DiKR strains were grown in 400 ml THY medium at 37 uC to mid-exponential growth phase and harvested by centrifugation at 8000 g at 4 uC for 20 min. Whole-cell protein extracts were then harvested as described previously (Jing et al., 2008) . Protein concentrations were calculated according to the BCA method, using BSA as a standard (Thermo Scientific). Approximately 100 mg protein was loaded on IPG strips (18 cm, pH 4-7; GE Healthcare) in triplicate. 2DE was performed as described previously (Wang et al., 2009) , and the 2DE images were obtained using Powerlook 2000 (UMAX). Significant (¢twofold) changes in spot intensity compared with WT were defined as differential spots, as analysed by 2DE ImageMaster software (Amersham Pharmacia Biotech).
Tryptic peptides of the 2DE spots were subjected to UltraFlex MALDI-TOF/TOF MS (matrix-assisted laser desorption/ionizationtime of flight tandem mass spectrometry) (Bruker). To identify proteins, the MS and tandem MS data were searched against the S. suis genomes using MASCOT version 2.3 and Biotools 2.1 (Bruker) as the search engine. The following parameters were used for database searches: monoisotopic mass accuracy ,100 p.p.m.; MS/MS tolerance50.4 Da; parent charge +1; missed cleavages 1; carbamidomethylation of cysteine as a fixed modification; oxidation of methionine, N-terminal pyroglutamylation (peptide) and N-terminal acetylation (protein) as variable modifications. Results with protein scores .75 (P,0.05), based on peptide mass fingerprint and MS/MS signals, were considered for verification. Three biological replicates and two technical replicates were analysed for each strain.
Real-time RT-PCR. RNA extraction and cDNA synthesis have been described above. Real-time PCR was performed on a LightCycler480 (Roche) according to suggested cycling conditions. Ten genes (with the specific primers listed in Table 2 ) were subjected to quantitative real-time PCR analysis using SYBR Green probes. 16S rRNA was used as a housekeeping control gene and each sample was examined in triplicate. Expression changes were calculated using the comparative cycle threshold ( 2 2DDCt ) formula normalized to the 16S rRNA level (Wang et al., 2009 ).
Acid-tolerance assay. WT and DiKR strains were grown to midexponential phase, harvested, resuspended at an OD 600 of 0.4 in a solution containing 20 mM Na 2 PO 4 , 1 mM MgCl 2 and 25 mM arginine HCl, and then the pH was adjusted to 4.0. The suspensions were incubated for up to 4 h at 37 uC, and the number of survivors at 1, 2 and 4 h was determined by plating on THY agar plates (Gruening et al., 2006) . Results are expressed as the percentage of survival relative to the c.f.u. of the initial inocula.
H 2 O 2 -sensitivity assays. To measure the susceptibility of S. suis to oxidative stress, we conducted H 2 O 2 -sensitivity assays according to the method reported by Cumley et al. (2012) with minor modifications. Briefly, overnight-grown bacteria were diluted 100-fold into fresh THY and grown to early stationary phase at 37 uC with vigorous shaking. Bacteria were resuspended in 0.1 M sodium phosphate buffer (pH 7.4) with increasing concentrations of H 2 O 2 (0-10 mM) without agitation. After 2 h incubation at 37 uC, cultures were diluted and plated onto THY plates.
Determination of arginine deiminase (AD) activity. Bacteria were cultured in trypticase soy broth (BD) and lysed. About 300 mg protein of the WT, mutant and complemented strains was mixed with 10 mM L-arginine and then incubated at 37 uC (Degnan et al., 1998) . The amount of citrulline produced was measured [expressed as nmol citrulline produced h 21 (mg protein) 21 ] and the AD activity of the cell-free extracts was calculated by measuring the rate of transformation of L-arginine to citrulline, as described by Archibald (1944) .
Statistical analyses. All data are expressed as means±SD (error bars). Data were analysed with two-tailed unpaired t-tests. Unless specified, all assays were repeated at least three times. A P-value of ,0.05 was considered significant.
RESULTS
Identification of Irr/Ihk orthologues in the S. suis 2 genome and creation of DiKR in S. suis 05ZYH33 S. suis 2 05ZYH33, isolated from Chinese STSS patients in Sichuan province, China (Tang et al., 2006) , is a virulent S. suis 2 strain showing strong invasiveness and high pathogenicity. Based on in silico analysis of the genome sequence, genes 05SSU1660 and 05SSU1661 encoded 450 and 216 aa, respectively. The amino acid sequences of 05SSU1660 and 05SSU1661 exhibit 37 and 62 % identity to the Ihk and Irr proteins (EnvZ/OmpR superfamily members) of S. pyogenes, which form a TCS. 05SSU1660 and 05SSU1661 were renamed ihk and irr, respectively. The irr and ihk genes are tandemly located in the S. suis 05ZYH33 genome, irr being located upstream of ihk. To investigate the functions of the Ihk/Irr TCS in S. suis 2, we generated a mutant, named DiKR, by knocking out both the irr and ihk genes. Successful construction of the DiKR strain was confirmed by PCR (Fig. S1a , available with the online version of this paper). This figure shows that the corresponding fragment of the genome amplified by primers P1 and P4 from the WT is 4.0 kb (about 2 kb longer than that of DiKR), consistent with the length of the ihk and irr target genes. The absence of Ihk and Irr expression in the DiKR mutant strain was further confirmed by RT-PCR and Western blotting analysis (Fig. S1b, c) .
Phenotypic characterization of the DiKR mutant
It has been shown that, in S. pyogenes, the in vitro growth rate of the Ihk/Irr deletion mutant is essentially identical to that of the WT (Voyich et al., 2003) . In our study, the mutant strain showed an obvious, but not significant, growth defect compared with the WT strain in THY medium, and this growth defect was much more severe in CDM (Fig. 1a) . A similar phenomenon has also been observed in Streptococcus agalactiae (also called group B streptococcus), where the WT and the CovS/CovR TCSknockout strains exhibited an insignificant growth difference in a rich medium, but a distinct difference in a chemically defined minimal medium (Lamy et al., 2004 ). In the current study, both the WT and the mutant showed similar haemolytic activity on blood agar plates. Also, deletion of the Irr/Ihk had no obvious effects on the cell morphology and ultrastructure (Fig. 1b, c) .
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Assessment of the adherence of the DiKR mutant to mucosal epithelium cells It has been demonstrated that attachment to mucosal epithelium cells is the key step for bacterial colonization and for the initiation of infectious processes (Lalonde et al., 2000; Wu et al., 2009) . We thus determined the effect of the Ihk/Irr TCS on the ability of S. suis 2 to attach to cells by testing mutants. Two types of mucosal epithelial cell line, HeLa and HEp-2, were used for the adherence assay. As shown in Fig.  2(a) , the number of mutant cells that adhered to HeLa and HEp-2 cell surfaces was much smaller than that of WT bacteria. The c.f.u. count of the mutant strains was also lower than that of the WT strain. Mutant adherence to HeLa and HEp-2 cells relative to that of WT was respectively 41.3±4.4 and 27.5±2.6 % for DiKR, and 92±3.7 and 95±4.8 % for CDiKR (Fig. 2b) . Together, these results demonstrate that the cell-adhesion ability of S. suis 2 was affected severely by deletion of the Ihk/Irr TCS, suggesting that Ihk/Irr may regulate the genes involved in the adhesion of S. suis 2 to epithelial cells, which could lead to attenuation of virulence in the mutant. Complementation of the deletion mutant by overexpression of Ihk/Irr restored cell-adhesion ability of CDiKR (Fig. 2) .
Contribution of the Ihk/Irr TCS to bacterial virulence in a mouse model of infection
Reduced adherence of the Ihk/Irr-knockout strain to mucosal epithelial cells indicates a reduced virulence for the mutant bacteria. Therefore, we characterized both the WT and mutant strains further for their infection capability and survival in macrophages. As shown in Fig. 3(a) , the number of remaining DiKR mutant bacteria is much lower than that of the WT strain when incubated with the RAW264.7 macrophage cell line for 1 or 2 h. This could be either extra evidence for reduced adherence of the DiKR mutant (see also the results above) or a reflection of an impaired ability to survive in the presence of macrophages for the mutant strain, or a combination of both. Note that in vitro experiments do not necessarily reflect in vivo infections, where the interactions of bacteria with their host are much more complicated; we therefore further compared the virulence of the Ihk/Irr deletion mutant and WT in a mouse model of infection (Domínguez-Punaro et al., 2007) . The mice were infected intraperitoneally either with WT or the mutants and the survival time of individual animals was determined over 14 days. As shown in the KaplanMeier plot of one representative experiment (Fig. 3b) , 81.8 % (n511) of the mice injected with the WT strain died within 48 h of infection. In contrast, all of the mice infected with the DiKR mutant survived and only exhibited minimal loss of their initial body weight, though they showed the same typical clinical symptoms of inappetence and recumbence (data not shown). The difference in survival rates between the WT strain and DiKR suggests that there is an obvious decrease in the ability to infect mice when the Ihk/Irr TCS is deleted from S. suis 2. Virulence contribution of S. suis Ihk/Irr TCS To confirm these results, a complementation experiment was carried out by introducing a plasmid overexpressing irr and ihk into the mutant (to generate CDiKR). The results showed that the complemented strains also caused severe weight loss in mice (data not shown), but with higher survival rates (Fig. 3b) . The inability to fully complement the virulence in the mutant strain could be explained by the possibility that the proteins expressed from the exogenous plasmids do not function over time in the mutant as do those expressed from their native loci in the WT strain in the absence of antibiotic selection pressure in vivo. Regardless, the partial recovery of the virulence in the in trans-complemented mutant provides in vivo evidence that the Ihk/Irr system plays an important role in the pathogenicity of S. suis 2.
Assessment of differentially expressed proteins in the DiKR mutant by 2DE and real-time quantitative RT-PCR
The pathogenicity of the pathogens may be regulated directly or indirectly by the differential expression of some genes, especially the virulence factor genes. To investigate whether the typical virulence factors or surface components were regulated by the Ihk/Irr TCS, we performed 2DE analyses to identify differentially expressed proteins in the mutant strain and the WT strain. The results of the proteomics analysis by 2DE revealed that 23 protein spots are differentially expressed in the mutants compared with the WT strain. Specifically, the expression of eight protein spots increased and that of 15 protein spots decreased in 
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DiKR (Table 3 ; Fig. S2 ). Further identification of the proteins by MALDI-TOF/TOF MS from these differentially expressed protein spots indicates regulation by the Ihk/Irr system of many proteins involved in many different biological processes, categorized into seven groups (Table  3) .
Ten randomly selected genes, including three upregulated and seven downregulated ones (Table 4) , were included in real-time RT-PCR analysis to validate the results of the proteomics data. For all 10 selected genes, the real-time RT-PCR results were consistent with the proteomics data.
Confirmation of AD expression in the DiKR mutant
Western blot analysis results confirmed that the expression of AD is decreased in DiKR among 10 examined known or putative virulence factors (Fig. S3) . However, there were no obvious changes in the expression of the other virulence factors (Fig. S3) . The elongation factor Tu was chosen as the loading control in the Western blot.
It has been reported that AD contributes to pH homeostasis and protects cells from lethal acidic stress by catalysing the deimination of arginine to generate ammonia; thus, the S. suis 2 strain lacking AD activity is more susceptible to environmental pH changes (CasianoColó n & Marquis, 1988) . To evaluate the effects of AD downregulation in the ihk/irr knockout, the acid tolerance of the deletion mutants was analysed. As shown in Fig.  3(c) , the DiKR strain exhibited a survival rate of only approximately 20 % after a 1 h acid exposure, and almost all cells were killed after exposure to pH 4.0 for 2 h. To evaluate whether iKR affects the sensitivity of S. suis to oxidative stress, we analysed the survival of WT and mutant bacteria in the presence of increasing concentrations of Fig. S2 . DPercentage length of the identified sequence compared with that of the complete sequence of the known protein.
dTotal protein score based on combined mass and mass/mass spectra. §All spots had high-probability results by MASCOT search, and there was at least one peptide analysed by MS/MS in each spot. Virulence contribution of S. suis Ihk/Irr TCS H 2 O 2 in sodium phosphate buffer. DiKR mutant bacteria were more susceptible to H 2 O 2 than the WT (Fig. 3d) , indicating that iKR supports S. suis survival during increased exposure to oxygen radicals. To further confirm the downregulated AD activity in the mutant, we performed an AD enzymic activity assay. The AD activity of equal amounts of WT and mutant cell extracts was analysed by monitoring citrulline production from arginine using a previously reported method (Archibald, 1944) . AD activities (mean±SD) were respectively 1571±113, 654±16 and 1224±68 nM citrulline produced h 21 (mg protein) 21 for the WT, DiKR and CDiKR strains. The DiKR mutant strain had an AD activity about 2.4-fold lower than that of the WT strain and this defect of the AD activity could be partly restored by the complementation of the iKR genes.
DISCUSSION
Bioinformatics analysis revealed that a homologue of the GAS Ihk/Irr TCS is highly conserved in S. suis 2. GAS lacking a functional Ihk/Irr TCS is attenuated significantly in its virulence, resulting in reduced soft-tissue infection and more rapid resolution of bacteraemia (Voyich et al., 2004) . In addition, microarray analyses indicated that Ihk/ Irr influenced the expression of genes that regulate cell redox status and cell-wall synthesis (Voyich et al., 2003 (Voyich et al., , 2004 . Those observations provided strong support for the idea that regulation of cell-wall synthesis is critical for GAS pathogenesis (Voyich et al., 2004) . In this study, we created a DiKR mutant in S. suis 2 05ZYH33, with an aim to investigate the function of the homologous Ihk/Irr TCS in S. suis 2. We found that the Ihk/Irr TCS deletion mutant is less virulent than WT bacteria in mice. The Ihk/Irr TCSknockout mutant exhibited a certain extent of growth defect compared with the WT strain, even in a rich medium. Nevertheless, this defect is rather limited and the final yields of both the WT and the mutant bacteria are equal after 8 h. Despite the fact that we could not exclude the possibility of the observed growth defect for the deletion mutant leading to its attenuated virulence in mice, the results from the present study still provide clear evidence that the orthologous Ihk/Irr TCS contributes to the virulence of S. suis 2 strain 05ZYH33, especially with our adherence assay showing that the DiKR mutant exhibits decreased adherence to mucosal epithelium cells. Adherence is often a prerequisite for successful invasion of host cells (Elsinghorst, 1994) and, in S. agalactiae, the adherence of the fbsA deletion mutant was reduced by the same order of magnitude as the level of host-cell invasion (Tenenbaum et al., 2005) . We also showed that the DiKR mutant strain of S. suis 2 exhibits a lower infection ability than the WT strain in our bacterial survival assay with macrophages. We noticed that the numbers of the remaining bacteria presented as the percentage of the initial inocula in this assay corresponded to the percentage of adhering bacteria in the mucosal epithelium celladherence assay. Therefore, the lower numbers of remaining bacteria for the deletion mutant than for the WT strain after incubation with macrophages are probably due to a decrease in the bacterial adherence capability after the knockout of Ihk/Irr. However, the possibility that the DiKR mutant also exhibits a survival defect in the phagocytes could not be excluded. Further study is needed to clarify the issue. To the best of our knowledge, this is the first functional genetic description of an orthologous Ihk/Irr TCS in S. suis 2.
As we found no obvious differences between the WT and the deletion mutant in terms of their haemolytic activity on blood agar plates, as well as their cell morphology and ultrastructure of the capsules, we thus sought to perform 2DE analyses to identify differentially expressed proteins in the mutant strain compared with the WT strain, in order to investigate the molecular mechanisms by which Ihk/Irr causes virulence attenuation in S. suis 2. Microarray analysis of WT and irr mutant GAS strains revealed that Ihk/Irr influenced expression of 20 % of all transcripts in the pathogen genome, mainly acting as a repressor for genes involved in virulence, cell-wall formation and oxidativestress response (Voyich et al., 2004) . Interestingly, some previously well-known virulence factors such as Sly (Lun H. Han and others et al., 2003) , Atl (Berry et al., 1989) and MRP (Staats et al., 1999) , as well as the irr-downregulated virulence genes in GAS, including streptolysin S, fibronectin-binding proteinlike protein A and DNase (Voyich et al., 2004) , were not expressed differentially in our S. suis 2 DiKR mutant strain, whereas some other potential virulence-associated factors, such as AD and adenylate kinase (AK) and related kinases, were repressed and may partially contribute to virulence attenuation during infection of mice. In addition, whilst multiple genes involved in cell-wall formation are induced during GAS infection (Voyich et al., 2004) , none were found in S. suis 2 05ZYH33 (Table 3 ).
Similar to the findings in the GAS study, our results showed that the Ihk/Irr TCS also activates genes involved in the oxidative-stress response in the S. suis 2 05ZYH33 strain, although the specific genes involved are different from those in GAS. For example, whilst five oxidativestress response-associated genes were downregulated in the GAS Dirr mutant (Voyich et al., 2004) , only one oxidativestress response-associated protein, MnSOD, is downregulated in the S. suis 2 DiKR mutant. MnSOD is a metalloenzyme that catalyses the conversion of superoxide molecules to H 2 O 2 and molecular O 2 , by which the major defence mechanisms of cells against oxidative stress are formed. It has been indicated that MnSOD is a virulence factor in several pathogenic bacteria, such as Campylobacter jejuni, Shigella flexneri, Salmonella enterica serovar Typhimurium and Streptococcus pneumoniae (Franzon et al., 1990; Tsolis et al., 1995; Yesilkaya et al., 2000) . For example, the DMnSOD mutant was less virulent than the WT strain in Shigella flexneri (Franzon et al., 1990) . In Campylobacter jejuni, the MnSOD mutant showed a significant reduction in the ability of the bacterium to invade an embryonic intestinal cell line (Pesci et al., 1994) . Thus, reduced expression of the MnSOD could also contribute to virulence attenuation in our mutant.
Except for the above-mentioned differences and similarities in the Ihk/Irr regulons between GAS and S. suis 2, it seems that a much more complicated pattern of Ihk/Irr-mediated regulation of gene expression exists in S. suis 2. For example, in the S. suis 2 DiKR mutant, the largest functional class (about 50 % of the 19 differentially expressed genes) of Ihk/Irr-regulated genes encoded proteins involved in bacterial cell metabolism, including the transport systems for various molecules such as amino acids, carbohydrates and nucleotides. This broad regulation of molecule transporters is consistent with the postulated role of Ihk/Irr in mediating adaptation of S. suis 2 to varied environmental and nutritional circumstances encountered within the colonized or infected hosts.
Peptide-transport systems not only play an important role in the nutrition of a cell, but are also involved in various signalling processes in bacteria. They allow the bacteria to sense and adapt to the local environment by changing the expression of specific genes (Dunny & Leonard, 1997) .
They provide a source of nitrogen and metabolic energy, regulating competence, sporulation and virulence (Hancock & Scott, 2000; Magnuson et al., 1994; Podbielski & Leonard, 1998) . Generally, in Gram-positive bacteria, the binding proteins of ABC transporters are anchored to the cell membrane via an N-terminal lipid moiety or by fusion of the receptor to the translocator domain (Albers et al., 1999) . Interestingly, the peptide ABC transporter was not found in the DiKR mutant by 2DE.
Among the genes involved in amino acid transport and metabolism, a putative virulence factor, AD, was found to be downregulated in the DiKR mutant and this result was confirmed by Western blot analysis. AD belongs to the arginine deiminase system (ADS), an amino acid catabolic pathway known in many bacteria (Cunin et al., 1986; Zú ñiga et al., 2002) . It is encoded by three major genes, arcA, arcB and arcC, which are transcribed from an operon (arcABC operon). arcA encodes AD, arcB encodes OCT and arcC encodes carbamate kinase (Gruening et al., 2006) . The putative role of the ADS in pathogenesis was first reported in S. pyogenes (Degnan et al., 1998) . The ADS was first identified in S. suis as a temperature-induced and cell wall-associated enzyme system (Winterhoff et al., 2002) . Since in GAS, the AD was shown to play an important role in adhesion to host cells (Degnan et al., 1998) and as attachment to epithelial cells is one of the key steps for streptococcal infections (LaPenta et al., 1994; Odenbreit et al., 2002) , the decrease of AD in the S. suis 2 mutant could also partially explain the reduced adherence to epithelial cells of S. suis 2 observed in our study. Thus, the downregulation of AD in the DiKR strain suggests that AD could be an Ihk/Irr system-regulated potential virulence factor in S. suis 2. In addition, catabolism by ADS could be a very important energy-yielding pathway, which not only provides the ATP for growth maintenance, but also produces ammonia for environmental pH neutralization (Casiano-Coló n & Marquis, 1988; Cunin et al., 1986; Curran et al., 1995) . Data from our acid-tolerance assay further revealed that the DiKR strain exhibited reduced ability to survive in an acidic environment, which was probably caused by low arginine-utilization efficiency by the ADS in the DiKR strain.
As glycolysis is the first step of the carbohydratemetabolism pathways in all organisms, the downregulation of two enzymes, fructose-bisphosphate aldolase and Dglucose-1-phosphate thymidylyltransferase (RmlA), could lead to the inability of the mutant to utilize this process efficiently to generate energy. In addition, RmlA is among one of the four enzymes involved in the biosynthesis of dTDP-rhamnose, one of the components in the capsule of S. suis 2 (Elliott & Tai, 1978) (Giraud & Naismith, 2000) . Neither L-rhamnose nor RmlA has been identified in humans (Giraud & Naismith, 2000) . In M. tuberculosis, rmlA has been suggested to be an essential gene by insertional mutagenesis technology (Sassetti et al., 2003) . Moreover, the rmlA gene has been demonstrated to play an essential role for bacterial growth (Qu et al., 2007) . Our differential proteomics results showed that the rmlA gene is
Virulence contribution of S. suis Ihk/Irr TCS downregulated in the DiKR mutant, suggesting that Ihk/Irr could enhance the bactericidal activity of S. suis 2 through upregulation of the synthesis of rmlA in the capsule on the bacterial surface.
Of the two downregulated genes involved in nucleotide metabolism, the gene for AK has been shown to be involved in the growth and virulence in Yersinia pestis (Munier-Lehmann et al., 2003) . The expression of AK was also lowered in our Ihk/Irr mutant.
We believe it is an interesting issue that the WT and the mutant strains are variant in growth rate in THY, but the growth yields are equivalent. The multiple genes involved in cell metabolism and nutrient acquirement (as discussed above) that are affected by the Ihk/Irr TCS in S. suis 2 should account for the observed growth defect for the knockout mutant bacteria. In a rich medium such as THY, the ample nutrition substances present could compensate for the negative effect caused by the loss of Ihk/Irr modulation, thereby leading to a lag in the growth curve for the mutant strain to reach the stationary phase, but a final growth yield almost equal to that of the WT strain. While in a nutrition-limited medium such as CDM, the growth defect for the mutant strain is much more severe (see results above). Similar phenomena have also been observed in S. agalactiae for the WT and the CovS/CovR TCS-knockout strains (Lamy et al., 2004) . Further studies are needed to settle the issue.
In conclusion, we have carried out a functional genetic description of an orthologous Ihk/Irr TCS in S. suis 2 and revealed new insights into the regulation of this Ihk/Irr TCS in streptococcal infections. We propose that the Ihk/ Irr TCS contributes to the virulence of S. suis 2 mainly by acting as a modulator, upregulating a number of bacterial cell metabolism and oxidative-stress response-associated genes, a particular repertoire of which may confer a survival advantage or pathogenic potential on S. suis 2 in a specific microenvironment. Furthermore, our studies have identified specific genes in the S. suis 2 survival response as potential targets to control the infections caused by this important pathogen. Further investigation is warranted to identify the direct targets of the Ihk/Irr TCS. In addition, genetic functional studies of the target genes induced by this TCS should also be conducted to provide more indepth insights into the Ihk/Irr TCS-associated regulatory network and pathogenesis in S. suis 2.
